Introduction
Polo-like kinase (Plk) 1 is a key actor of the cell cycle at the G 2 /M transition and in mitosis. 1 Among its substrates are the mitotic regulators cyclin B, CDC25C phosphatase, and Wee1 kinase. Four identified Plks have distinct and sometimes opposite functions. Plk1 is involved in mitosis, whereas Plk2 and Plk3 regulate the G 1 and early S phases. 2 Plk1 is overexpressed in many cancers, 3 including melanoma, lymphoma, and several carcinomas, although Plk3 is down-regulated in various neoplasic tissues, 4 but can also induce S phase entry. 3 Epigenetic inactivation of Plk2 5 occurs in hematologic malignancies, suggesting a tumor suppressor function.
Plk1 has been extensively studied as a potential therapeutic target these last years. 6 Pharmacologic inhibitors like ON01910 7 and BI2536 8 affect proliferation and induce apoptosis in cancer cells, leading to tumor regression in xenograft models. Although it has been shown overexpressed in lymphomas, 9 the status of Plk1 in hematologic malignancies is still poorly characterized.
Acute myeloid leukemia (AML) is characterized by concomitant differentiation arrest and deregulated proliferation and resistance of stem and/or progenitor cells, 10 linked to mutations affecting transcription factors and signal transduction players. The cell-cycle regulator cyclin A1 is frequently overexpressed or abnormally localized in leukemic cells, 11, 12 and its transgenic overexpression induces acute leukemia in mice. 13 The Aurora A kinase, sharing functional mitotic properties with Plk1, is also overexpressed in leukemia. Its inhibition causes growth arrest and apoptosis 14 and sensitizes AML cells to chemotherapeutic agents. 15 In this study, we show that Plk1 is overexpressed in AML cell lines and in a large percentage of samples from patients, and that its inhibition or knockdown preferentially blocks proliferation of leukemic rather than normal cells.
Methods
AML cells were obtained from patients at the Department of Hematology (Toulouse University Medical Center) after informed consent was provided in accordance with the Declaration of Helsinki, and were isolated and cryopreserved, as described. 16 Normal cord blood CD34 ϩ cells were from Stem Cells Biotechnologies. The human cell lines KG1, KG1a, U937, HEL, HL60, UT7-Epo, and HCT116 (ATCC) were cultured in Iscove modified Dulbecco medium containing 20% fetal calf serum (FCS; KG1, KG1a), RPMI/10% FCS (U937, HEL, HL60), Dulbecco modified Eagle medium/ 10% FCS, and 1 UI/L erythropoietin (UT7-Epo1), or in Dulbecco modified Eagle medium/10% FCS (HCT116) at 37°C with 5% CO 2 . Rapamycin (Sigma-Aldrich) and the Plk1 inhibitor BI2536, synthesized as described The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. KG1 (Kit R, program V-01), U937 (kit V, program V-01), and primary AML (kit V, program U-15) cells were transfected with Plk1 or control small interfering RNA (siRNA; Dharmacon) by nucleofection (Amaxa), according to the manufacturer. Cells were then cultured from 24 to 72 hours for further analysis or immediately processed for clonogenic assays. For this, cells (10 5 cells/mL) were grown in H4230 methyl cellulose medium (StemCell Technologies) supplemented with 10% 5637-conditioned medium, as described. [16] [17] [18] Normal bone marrow CD34 ϩ hematopoietic cells were tested for clonogenicity, as described. 16 Normal and leukemic primary cells were grown in Iscove modified Dulbecco medium containing 10% FCS, stem cell factor (100 ng/mL), interleukin-3 (5 ng/mL), FLT3 ligand (100 ng/mL), and granulocyte-macrophage colony-stimulating factor (10 ng/mL). 17 KG1 and U937 cells (2 ϫ 10 5 ) were grown in 96 wells for 4 days and counted each day by 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide assay (Sigma-Aldrich). For apoptosis detection, cells were labeled with propidium iodide and annexin V-fluorescein isothiocyanate (BD Pharmingen) and analyzed by flow cytometry (EPICS XL-MCL; Beckman Coulter). For cell-cycle analysis, cells were washed in phosphate-buffered saline with 5.5 mM glucose, fixed in 70% ethanol overnight at 4°C, resuspended in phosphate-buffered saline containing 50 g/mL propidium iodide, and incubated for 30 minutes at room temperature. DNA content was monitored by flow cytometry (EPICS XL-MCL; Beckman Coulter).
Results and discussion

Plk-1 is overexpressed in AML cells
Western blot analysis shows that all AML cell lines expressed significant levels of Plk1, except HL-60 ( Figure 1A left panel) . High levels of Plk1 were also detected in a majority (14 of 22) of blasts from patients, whereas it was hardly detectable in normal human CD34 ϩ and peripheral blood leukocyte cells ( Figure 1A right panel). No correlation was found between Plk1 levels and French-American-British or cytogenetic parameters (supplemental Table 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). In some samples, abnormally migrating forms of PLK1 were observed (see patient no. 5). A majority of these isolated leukemic blasts were nonproliferating and mainly blocked in G 0 /G 1 (data not shown), consistent with the fact that usually less than 2% of these cells have clonogenic potential. Normal CD34 ϩ were also nonproliferating under our conditions (data not shown). Thus, elevated Plk1 levels are not reflecting high proliferation rates in these experiments. These data are in agreement with recent studies performed in U937 cells, 19 and suggesting up-regulation of Plk-1 in AML samples. 20 
A Leukemic cell lines
AML primary cells Plk1 is overexpressed in large B-cell lymphoma, where it was proposed as an independent prognostic factor. 21 Whether this is the case in AML will need further investigations on a larger cohort of patients. The mechanisms of Plk1 up-regulation in cancer cells remain unclear.
Transcriptional factors regulating Plk1 include BRCA1, the pRb family members, or the Forkhead factor FoxM1. [22] [23] [24] Chfr-dependent proteasomal degradation of Plk1 was also described, 25 as well as its stabilizing interaction with the heat shock protein 90. 26 Analysis of the relative implication of these different pathways in AML will represent a challenge in the future.
Effects of Plk1 inhibition on leukemic cell lines
We used the pharmacologic inhibitor BI2536, 8 known to inhibit proliferation and induce apoptosis in various cancer cells, to evaluate the importance of Plk1 in U937 and KG1 cell proliferation ( Figure 1B) . A dramatic inhibition occurred with 10 nM BI2356 in both cell lines, KG1 cells being slightly more resistant than U937. The HL-60 cells, which contain low levels of PLK1, were highly insensitive to 10 nM BI2536 (data not shown). The clonogenic potential of KG1 cells was reduced by 50% with 1 nM BI2536, and strongly blocked with 10 nM ( Figure 1C left top panel) . The level of Wee1, a Plk1 substrate degraded by the proteasome after its phosphorylation, increased upon treatment with BI2356 (left bottom panel). Moreover, siRNA-mediated down-regulation of Plk1 efficiently inhibited KG1 cell proliferation ( Figure 1C right  panel) . Fluorescence-activated cell sorter analysis of KG1 cells treated with PLK1 siRNA shows significant G 2 /M cell-cycle arrest (supplemental Figure 2) . Similar results were observed upon treatment with BI2536. The effect of BI2536 on cell death in leukemic cell lines was then investigated. Upon treatment of U937 and KG1 cells with this inhibitor for 48 hours, apoptosis was essentially detected at 100 nM in both cell lines, probably reflecting off-target effects of this drug at this concentration ( Figure 1D ).
Effects of Plk1 inhibition on primary hematopoietic progenitors and leukemic cells
A total of 1 nM and 10 nM BI2536 reduced by 40% and 65% the clonogenic potential of leukemic cells from patients, respectively ( Figure 2A ). Plk1 siRNA-treated primary AML cells dramatically reduced their clonogenic potential ( Figure 2B ), confirming the central role of Plk1 for this function. In the samples tested, siRNA significantly decreased the protein level after 24 hours ( Figure 2B bottom panel) . By comparison, BI2536 did not inhibit the capacity of normal CD34 ϩ cells to form colony-forming unit (CFU)-granulomonocyte, whereas CFUmonocyte and burst-forming unit-erythrocyte were moderately affected ( Figure 2C ). This modest effect preferentially affecting specific lineages suggests different degrees of implication of Plk1 in the proliferation of each lineage. Overall, these data indicate that the clonogenic potential of normal CD34 ϩ cells is less affected by Plk1 inhibition than that of leukemic cells. We then tested the proliferation of normal CD34 ϩ progenitors and of primary AML cells in liquid culture, in the presence of stem cell factor, interleukin-3, FLT3 ligand, and granulocytemacrophage colony-stimulating factor ( Figure 2D-E) . Whereas leukemic cells stopped to proliferate with 10 nM BI2536, normal cells were not affected by this concentration of the inhibitor. At 100 nM, the proliferation of both cell types was impaired (data not shown).
In addition, we measured BI2536-induced apoptosis in primary proliferating CD34 ϩ normal progenitors. These cells are largely insensitive to 10 nM inhibitor, whereas 100 nM induced massive apoptosis (supplemental Figure 1) . Altogether these data confirm that inhibiting Plk1 with 10 nM BI2536 blocks the proliferation of AML cells, while sparing the behavior of their normal hematopoietic counterparts. Higher concentrations (100 nM) induce apoptosis in all cell types tested, suggesting off-target effects. In consequence, low concentrations of this inhibitor should be considered for further pharmacologic evaluation of the targets in vivo.
In conclusion, Plk1 is often overexpressed in AML, where it plays a critical function during proliferation. Plk1 inhibition has modest effects in normal hematopoietic cells, suggesting that overexpression of the protein in leukemic cells may account for higher sensitivity to the inhibitor. Thus, leukemic cells most likely became highly dependent of Plk1 for their proliferation compared with their normal counterparts, opening potentially important pharmacologic perspectives for the treatment of AML with Plk1 inhibitors, either alone or in combination with other drugs.
